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(54) Cryogenic cooling system for rotor having a high temperature super-conducting field 
winding 



(57) A cooling fluid system is disclosed for providing 
cryogenic cooling fluid to a high temperature super-con- 
ducting rotor comprising: a re-circulation compressor; a 
storage tank having a second cryogenic fluid; an inlet 



line connecting the re-circulation compressor to the stor- 
age tank and to the rotor, and forming a passage for 
cooling fluid to pass from the re-circulation compressor 
through the storage tank' and to the apparatus. 
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Description 

[0001] The present invention relates generally to a 
cryogenic cooling system for a synchronous machine 
having a rotor with a high temperature super-conducting 
(HTS) component. More particularly, the present inven- 
tion relates to a cooling system to provide cryogenic fluid 
to the rotor and to re-cool used cooling fluid returned 
from the rotor. 

[0002] Super-conductive rotors have their super-con- 
ducting coils cooled by liquid helium, with the used he- 
lium being returned as room-temperature gaseous he- 
lium. Using liquid helium for cryogenic cooling requires 
continuous reliquef action of the returned, room-temper- 
ature gaseous helium, and such reliquefaction poses 
significant reliability problems and requires significant 
auxiliary power. Accordingly, there is a need for a cryo- 
genic cooling system that reliquef ies the hot, used cool- 
ing fluid returned from the rotor. The reliquefied cooling 
fluid should then be available for re-use as an HTS rotor 
cooling fluid. 

[0003] High temperature super-conducting genera- 
tors require highly-reliable, low cost cryorefrigeration 
equipment in order to be viable as commercial products. 
Redundant cryo refrigerator components have in the 
past been used to achieve high reliability with existing 
cryorefrigeration equipment. The inadequate reliability 
of these components and the requirement that HTS ro- 
tors have an uninterrupted supply of cooling fluid have 
in the past necessitated that redundant components be 
included in cryorefrigeration systems for HTS rotors. 
[0004] The cost of cryorefrigeration systems is sub- 
stantially increased due to the need for redundant cry- 
orefrigerator components. Moreover, existing cryore- 
frigeration systems require frequent maintenance due 
to their inadequate reliability and system redundancies. 
Accordingly, the operating cost of these systems is rel- 
atively high. 

[0005] Typical cryorefrigerator equipment for the tem- 
perature range of 20-30° Kelvin is based on Gifford Mc- 
Mahon coldhead technology that has limited refrigerator 
capacity and requires maintenance about once a year. 
Multiple units can be combined to increase the capacity 
and reliability of the system at the expense of increased 
cost. In addition to multiple coldheads, closed loop cir- 
culation systems of cryogen gas require either cold re- 
circulation fans, or external warm re-circulation fans with 
counter-flow highly-efficient heat exchangers. These 
components add cost and complexity to the system 
when redundancy for high reliability is required, unless 
all components can be built with six sigma quality. 
[0006] The purchase and operating costs of existing 
cryorefrigeration systems significantly add to the cost of 
machines having HTS rotors. These high costs have 
contributed to the heretofore-commercial impracticali- 
ties of incorporating HTS rotors into commercially-mar- 
ketable synchronous machines. Accordingly, there is a 
substantial and previously un-met need for cryorefriger- 



ation systems that are less expensive, inexpensive to 
operate and provide a reliable supply of cryogenic cool- 
ing fluid to an HTS rotor. 

[0007] Synchronous electrical machines having field 

5 coil windings include, but are not limited to, rotary gen- 
erators, rotary motors, and linear motors. These ma- 
chines generally comprise a stator and rotor that are 
electromagnetically coupled. The rotor may include a 
multi-pole rotor core and coil windings mounted on the 

10 rotor core. The rotor cores may include a magnetically- 
permeable solid material, such as an iron forging. 
[0008] Conventional copper windings are commonly 
used in the rotors of synchronous electrical machines. 
However, the electrical resistance of copper windings 

is (although low by conventional measures) is sufficient to 
contribute to substantial heating of the rotor and to di- 
minish the power efficiency of the machine. Recently, 
super-conducting (SC) coil windings have been devel- 
oped for rotors. SC windings have effectively no resist- 

20 ance and are highly advantageous rotor coil windings. 
[0009] Iron-core rotors saturate an air-gap magnetic 
field strength of about 2 Tesla. Known super-conducting 
rotors employ air-core designs, with no iron in the rotor, 
to achieve air-gap magnetic fields of 3 Tesla or higher, 

25 which increase the power density of the electrical ma- 
chine and result in significant reduction in weight and 
size. Air-core super-conducting rotors, however, require 
large amounts of super-conducting wire, which adds to 
the number of coils required, the complexity of the coil 

30 supports, and the cost. 

[0010] A cryogen gas re-circulation cooling system, 
according to the invention, has been developed for a 
High Temperature Super-conducting (HTS) rotor. This 
cooling system generally comprises a re-circulation 

35 compressor, a counter-flow heat exchanger, and a cool- 
ing coil heat exchanger inside a liquid cryogen storage 
tank. Cooling fluid flows from the re-circulation compres- 
sor through the heat exchanger and coiling cool (where 
the fluid is cooled to cryogenic temperatures) and then 

40 to the rotor and its super-conducting coil. Used cooling 
fluid is returned from the rotor, through the counter-flow 
heat exchanger (where heat from the compressed cool- 
ing fluid passing to the rotor is transferred to the used 
gas) and back to the re-circulation compressor. 

45 [0011] The liquid cryogen in the storage tank is cooled 
by a re-condenser cryorefrigerator. The re-condenser 
cryorefrigerator may be a single stage Gifford-McMahon 
(GM) cryocooler, a pulse tube with separate or integral 
compressor with a re-condenser unit attach ed to the sin - 

so g|e stage, or other such cryogen cooling system. The 
liquid cryogen may be nitrogen, neon, or hydrogen. Sim- 
ilarly, the cryogen gas in the re-circulation system may 
be helium, hydrogen, neon, or nitrogen. 
[0012] The cooling system provides a steady supply 

55 of cooling fluid to an HTS rotor. Moreover, the cooling 
system is economical in its construction and operation. 
The reliability and economy of the cooling system facil- 
itates the development of a commercially viable syn- 
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chronous machine with an HTS rotor. 
[0013] In a first embodiment, the invention is a cooling 
fluid system (50, 78) for providing cryogenic cooling fluid 
to a high temperature super-conducting machine (10) 
comprising: a re-circulation compressor (52); a storage 
tank 60 having a second cryogenic fluid (76); an inlet 
line (62) connecting the re-circulation compressorto the 
storage tank and to the rotor, and forming a passage for 
cooling fluid to pass from the re-circulation compressors 
through the storage tank and to the machine. 
[0014] In another embodiment, the invention is a cool- 
ing fluid system (50, 78) coupled to a high temperature 
super-conducting rotor (1 4) for a synchronous machine 
(10), said system and a source of cryogenic cooling fluid 
comprising: a re-circulation compressor (52); a cryogen- 
ic storage tank (60) storing a supply of cryogenic fluid 
(76); an inlet line (62) providing a fluid passage for cool- 
ing fluid between the re-circulation compressor and the 
rotor, wherein the inlet line passes through the storage 
tank, and a return line (64) providing a fluid passage for 
the cooling fluid between the rotor and re-circulation 
compressor. 

[0015] In a further embodiment, the invention is a 
method for cooling a super-conducting machine (1 0) us- 
ing a cooling fluid system (50, 78) having a cooling fluid 
circuit, a cryogenic storage tank (60), a heat exchanger 
(54) and inlet and return lines (62, 64) for cooling fluid, 
said method comprising the steps of: 

a. pumping the cryogenic cooling fluid through inlet 
line, through the heat exchanger, the storage tank 
and into the machine; 

b. transferring heat from the cooling fluid in the inlet 
line at the heat exchanger and into the return line, 
where the inlet and return lines pass through the 
heat exchanger; 

c. cooling the cooling fluid to cryogenic temperature 
in the storage tank, and 

d. returning used cooling fluid from the machine, 
through the return line and back to the inlet line. 

[0016] The invention will now be described in greater 
detail, by way of example, with reference to the draw- 
ings, in which:- 

FIGURE 1 is a schematic side view of schematic 
super-conducting (SC) rotor shown within a stator. 

FIGURE 2 is a schematic perspective view of a 
race-track SC coil having cooling gas passages. 

FIGURE 3 is a schematic diagram of a cryogenic 
cooling system to supply cooling fluid to an SC rotor. 

FIGURE 4 is a schematic diagram of a second em- 
bodiment of a cryogenic cooling system. 

FIGURE 5 is a schematic diagram of an ejector of 
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the second embodiment. 

[0017] FIGURE 1 shows an exemplary synchronous 
generator machine 1 0 having a stator 1 2 and a rotor 1 4. 

5 The rotor includes field winding coils 34 that fit inside 
the cylindrical rotor vacuum cavity 1 6 of the stator. The 
rotor 14 fits inside the rotor vacuum cavity 16 of the sta- 
tor. As the rotor turns within the stator, a magnetic field 
18 (shown by dotted lines) generated by the rotor and 

10 rotor coils moves through the stator and creates an elec- 
trical current in the windings of the stator coils 19. This 
current is output by the generator as electrical power. 
[001 8] The rotor 1 4 has a generally longitudinally-ex- 
tending axis 20 and a generally solid rotor core 22. The 

is solid core 22 has high magnetic permeability, and is usu- 
ally made of a ferromagnetic material, such as iron. In 
a low power density super-conducting machine, the iron 
core of the rotor is used to reduce the magnetomotive 
force (MMF), and, thus, minimize the coil winding usage. 

20 For example, the iron of the rotor can be magnetically 
saturated at an air-gap magnetic field strength of about 
2 Tesla. 

[0019] The rotor 14 supports a generally longitudinal- 
ly-extending, race-track shaped high temperature su- 

25 per-conducting (HTS) coil winding. HTS coil winding 
may be, alternatively, a saddle-shape coil or have some 
other coil winding shape that is suitable for a particular 
HTS rotor design. The cooling system disclosed here 
maybe adapted for coil winding and rotor configurations 

30 other than a race-track coil mounted on a solid core ro- 
tor. 

[0020] The rotor includes end shafts 24, 30 that brack- 
et the core 22 and are supported by bearings 25. The 
collector end shaft 24 has a cryogen transfer coupling 

35 26 to a source of cryogenic cooling fluid used to cool the 
SC coil windings in the rotor. The cryogen transfer cou- 
pling 26 includes a stationary segment coupled to a 
source of cryogen cooling fluid and a rotating segment 
which provides cooling fluid to the HTS coil. An exem- 

40 piary cryogen transfer coupling is disclosed in common- 
ly-owned and copending U.S. Patent No. 

(now U.S. Patent Application Serial 

No. 09/854,931; attny. dkt. 839-1007, filed May 15, 
2001 ), entitled "Synchronous Machine Having Cryogen- 

45 jc Gas Transfer Coupling to Rotor With Super-conduct- 
ing Coils,". The collector end shaft may also include col- 
lector rings 27 to connect the rotor coil 34 to an external 
electrical device or power supply. The drive end shaft 
30 may have a power turbine coupling 32. 

50 [0021] FIGURE 2 shows an exemplary HTS race- 
track field coil winding 34. The SC field winding 34 of 
the rotor includes a high temperature super-conducting 
coil 36. Each HTS coil includes a high temperature su- 
per-conductor, such as BSCCO (BixSrxCaxCuxOx) 

55 conductor wires laminated in a solid epoxy impregnated 
winding composite. For example, a series of BSCCO 
2223 wires may be laminated, bonded together and 
wound into a solid epoxy impregnated coil. 
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[0022] HTS wire is brittle and easy to be damaged. 
The HTS coil is typically layer wound with HTS tape, 
then epoxy impregnated. The HTS tape is wrapped in a 
precision coil form to attain close dimensional toleranc- 
es. The tape is wound around in a helix to form the race- 
track SC coil 36. 

[0023] The dimensions of the race-track coil are de- 
pendent on the dimensions of the rotor core. Generally, 
each race-track coil encircles the magnetic poles of the 
rotor core, and is parallel to the rotor axis. The HTS coil 
windings are continuous around the race-track. The 
coils form a resistance-free current path around the rotor 
core and between the magnetic poles of the core. 
[0024] Fluid passages 38 for cryogenic cooling fluid 
are included in the coil winding 34. These passages may 
extend around an outside edge of the SC coil 36. The 
passageways provide cryogenic cooling fluid to the coils 
and remove heat from those coils. The cooling fluid 
maintains the low temperatures, e.g., 27°K, in the SC 
coil winding needed to promote super-conducting con- 
ditions, including the absence of electrical resistance in 
the coil. The cooling passages have input and output 
ports 39 at one end of the rotor core. These ports 39 
connect to cooling passages 38 on the SC coil to the 
cryogen transfer coupling 26. 
[0025] FIGURE 3 is a schematic diagram of a cryore- 
frigeration system 50 for an HTS generator 1 0. A re-cir- 
culation compressor 52 supplies compressed ambient 
temperature gas, i.e., 300°K (Kelvin), to a counter-flow 
heat exchanger 54 in a cold box 56. The compressor 52 
may include a source, e.g., storage container, of cooling 
fluid. The counter-flow heat exchanger cools the gas to 
cryogenic temperature by transferring heat from the 
compressed gas to used cooling gas returning from the 
rotor 1 4 of the generator 1 0. 

[0026] The cold compressed gas from the heat ex- 
changer is cooled further by passing through a cooling 
coil 58 inside a cryogen storage tank 60. Cryogenic liq- 
uid 76 in the tank reduces the temperature of the cooling 
fluid in the coil 58 to cryogenic temperatures, such as 
below 30°K. The cooled gas from the coil 58 is supplied 
to the HTS generator 1 0 at an inlet temperature (Tin) to 
cool the HTS rotor winding. 

[0027] The return gas from the generator exits at a 
temperature (Tout) and proceeds through the counter- 
flow heat exchanger 54 to return to the re-circulation 
compressor 52 at ambient temperature. Piping 62 pro- 
vides a flow passage for the cooling fluid from the re- 
circulation compressor 52, through the cold box 56, and 
to the generator. Return piping 64 provides a return pas- 
sage for the gas from the generator, through the cold 
box and to the re-circulation compressor. The cold box 
is an insulated portion of the system 50 that is main- 
tained at cryogenic temperatures, such as by using vac- 
uum jacketed insulation for the piping of the inlet and 
return lines and insulation around the storage tank and 
heat exchanger. The cold box may establish a vacuum 
around the cooling components in the box. Moreover, 
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the cold box extends to the rotor to ensure that the cool- 
ing fluid does not adsorb unnecessary heat. 
[0028] The cooling fluid may enter the rotor as a gas 
or liquid, and may evaporate as it flows around the SC 

5 coils. The evaporation of the cooling fluid cools the SC 
coils and ensures that the coils operate in super-con- 
ducting conditions. The evaporated cooling fluid flows 
as a cold gas from the HTS rotor, through the return 
pipeline 64. The return line is sized to pass the cold cool- 

10 ing gas from the rotor to the re-circulation compressor. 
[0029] The cryogen storage tank 60 holds a supply of 
liquid cryogen fluid that is maintained at a constant cry- 
ogenic temperature by a cryorefrigerator recondenser 
66 that is located in a vapor space 68 of the storage 

is tank. The cryogen fluid 76 is used solely to cool the cool- 
ing fluid flowing through the coil 58 in the tank. The cry- 
ogen fluid 76 in the tank does not mix with the cooling 
fluid used to cool the SC windings 34 in the rotor. 
[0030] The re-condenser cryorefrigerator 66 may be 

20 single stage Gifford-McMahon cryocooler or pulse tube 
with separate or integral cryocooler compressor 70 with 
a re-condenser unit attached to the single stage. Single 
or multiple cryorefrigerator units (only one is shown in 
Fig. 3) may be used to recondense the vapor 68 in the 

25 storage tank as required to meet the cooling require- 
ments of the circulation gas in the cooling coil 58 inside 
the liquid. 

[0031] The temperature of the cooling gas in the cir- 
culation gas system is controlled by the selection of cry- 

30 ogen liquid in the storage tank. The cryogen cooling gas 
in the inlet and return line of the re-circulation system 
(e.g., the re-circulation compressor, heat exchanger, 
coil and inlet and return lines) is preferably helium but 
can also be nitrogen, neon, or hydrogen if the HTS rotor 

35 operating temperature will not fall below 77°K, 27°K, or 
20°K respectively. If the SC coil 34 in the HTS rotor 10 
is to be cooled to a Tin of 80°K, then the liquid nitrogen 
may be used in the storage tank to cool the cooling coil. 
Liquid neon in the re-circulation system may be used to 

40 cool the coils in the HTS rotor to about 30°K, and liquid 
hydrogen may be used to cool the rotor to about 20° K. 
[0032] The cryogen fluid in the storage tank may be 
liquid neon if the coils in the HTS rotor are to be cooled 
to about 30°K, and liquid hydrogen if the coils are to be 

45 cooled to about 20° K. The temperature of the storage 
tank is controlled by the equilibrium pressure in the tank 
as the capacity of the re-condenser unit 66 meets the 
demand of the cooling coil. A pressure relief valve 72 is 
provided to operate the cooling system in an open-loop 

50 mode, in case the cryorefrigerator shuts down. Open- 
loop mode is used to maintain the cryogenic tempera- 
ture of the cryogen liquid 76, if and when the re-con- 
denser unit is disabled for maintenance or due to failure. 
In open-loop mode, the pressure of the vapor 68 is min- 

55 imized, e.g., held to ambient pressure, in order to mini- 
mize the pressure in the tank and reduce the tempera- 
ture of the liquid 76. 

[0033] The cryogen storage tank 60 has sufficient 



4 



7 

storage capacity to allow the refrigeration unit 66 to be 
shut down for maintenance or replacement without af- 
fecting the operation of the rotor. During the shut-down 
periods of the cryo refrigerator, the storage tank oper- 
ates open-loop, discharging the cryogen vapor to the 5 
outside atmosphere through the pressure relief valve. 
Lost cryogen liquid is replenished by refilling the storage 
tank after the cryo refrigerator is back in operation. The 
storage tank provides cooling for the gas cooling the ro- 
tor even when the refrigeration unit 66 is not functioning. 
Thus, the proposed HTS cooling system provides high 
reliability with low-cost, non-redundant components. 
[0034] The storage volume of the tank 60 is sized to 
provide sufficient liquid 76 to cool the cooling fluid flow- 
ing to the rotor over the period of time that the 
recondenser 66 is shut down, such as for one day, for 
example, in which case the typical storage tank capacity 
required to operate the HTS rotor at 30°K would be 
about 100 liters of liquid neon. 
[0035] Cooling fluid flows in a closed loop of the re- 
circulation system. The cooling fluid from the re-circula- 
tion compressor 52 flows through an inlet pipe 62 that 
passes through the cold box 56 and is coupled to a cool- 
ing transfer coupling 26 of the rotor 1 4. In the transfer 
coupling and rotor, the cooling fluid passes through vac- 
uum-jacketed cooling passages in the end shaft 24 and 
through the cooling passages 38 around the SC coils 
36. The cooling fluid maintains the SC coil 36 in the rotor 
at cryogenic temperatures by convection heat transfer 
or evaporative cooling and ensures that the coils oper- 
ate in super-conducting conditions. 
[0036] Used cooling fluid, typically in the form of a cold 
gas, exits the cooling passage 38 of the coil, flows 
through the vacuum -jacketed passages in the end shaft 
and through the cooling coupling 26 to exit the rotor 1 4. 
A return transfer line 64 carries the return cooling fluid 
from the rotor to the cold box 56 and then to the re-cir- 
culation compressor 52. The inlet and transfer lines in 
the cold box 56 are vacuum jacketed and, thus, heavily 
insulated. The vacuum insulation of the transfer lines 
and cold box minimizes heat transfer losses in the cool- 
ing fluid as it flows from the tank to the rotor, and from 
the rotor to the tank. It Is not necessary to vacuum jacket 
the lines between the cold box and re-circulation com- 
pressor. A flow valve 74 controls the flow of gas from 
the re-circulation compressor to the cold box 56. 
[0037] The recondenser 66 need not operate contin- 
uously as the tank has a supply of liquid cooling fluid for 
the HTS rotor. The liquid cooling fluid 76 in the tank pro- 
vides an uninterruptible cooling system for cooling the 
cooling fluid that circulates through the HTS rotor. Thus, 
the recondenser may be serviced while the HTS gener- 
ator continues uninterrupted operation. The recondens- 
er may temporarily fail without necessitating that the 
HTS rotor be shut down while the recondenser is re- 
paired. When the HTS rotor is shut down for normal 
service the tank can be serviced via a service stack to 
the tank. 
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[0038] FIGURE 4 is a schematic diagram of a second 
embodiment of a cryogenic cooling system 78. The 
components in the second cooling system 78 that are 
common to the first cooling system 50 have been iden- 
tified with common reference numbers in FIGURES 3 
and 4. 

[0039] The cooling system 78 shown in FIGURE 4 fur- 
ther includes an ejector 80 that pumps used cooling fluid 
from the return line 64 into the inlet line 62. The cooling 
fluid that re-enters the inlet line from the return line 
through the ejector bypasses the re-circulation com- 
pressor 52 and heat exchanger 54. Thus, the fluid load 
on the compressor and heat exchanger is reduced when 
using the ejector. The ejector 80 allows for the use of a 
smaller heat exchanger and compressor, than would be 
otherwise necessary. 

[0040] FIGURE 5 shows a detailed schematic dia- 
gram of the ejector 80 which is basically a static pump 
for cooling fluid. The ejector includes a first convergent- 
divergent nozzle 82, a diffuser zone 84 and a second 
convergent-divergent nozzle 86. The inlet 92 to the first 
nozzle is connected to the inlet line 62 and receives the 
return cooling fluid flow from the heat exchanger 54. As 
the high pressure flow passes through the first nozzle, 
its velocity substantially increases as it jets from the out- 
let 94 of the nozzle and into the diffuser 84 at a relatively- 
low static pressure. This low pressure draws used cool- 
ant into the diffuser 84 from the return line 64 via the 
inlet port 88. The inlet port 88 may be aligned with the 
axis of the ejector so that the return cooling fluid enters 
the ejector along the axis. 

[0041] The used coolant is entrained with the coolant 
jet from the first nozzle and both form a stream that pass- 
es through a second convergent-divergent nozzle 86 
having a relatively-large diameter outlet 90. The second 
nozzle slows the jet stream from the first nozzle (which 
now includes the return fluid), and thereby increases the 
pressu re (to greater than the pressure in the diffuser and 
return line) of the stream as it re-enters the inlet line 62 
atthe outlet 90 of the ejector. The pressure of the coolant 
in the inlet line 62 downstream of the diffuser is sufficient 
to move the coolant through the rotor, SC coil windings 
and the return line. 

[0042] A relatively-low volume, high pressure cooling 
fluid flow from the re-circulation compressor may be 
used to cause the ejector to pump a larger volume of 
fluid from the return line to the inlet line. In the inlet line, 
the high pressure flow stream from the heat exchanger 
54 enters the convergent-divergent nozzle at inlet 92. 
At the nozzle discharge 94 and in the diffuser 84, the 
fluid pressure of the stream is low and its velocity is high . 
The lower pressure in the diffuser causes used cooling 
fluid to flow into the ejector from the return line through 
inlet port 88. 

[0043] The fluid momentum is conserved (except for 
losses due to friction) as the coolant stream through the 
ejector. The high pressure of the inlet line coolant stream 
is converted to a high velocity stream in the first nozzle 
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82. The momentum of that stream along the axis of the 
ejector (x-axis) is conserved. The flow of return line cool- 
ing fluid merges with the high velocity stream in the dif- 
fuses The total momentum of the two streams is sub- 
stantially the sum of the momentum each of the two 5 
streams along the ejector axis. This total momentum 
drives the merge stream through the second nozzle 86 
which has a large diameter outlet 90 to convert stream 
velocity into pressure. The pressure of the outlet stream 
moves the cooling fluid in the inlet line downstream of w 
the ejector, through the coil, rotor and return line. 
[0044] The flow through the first nozzle 82 is typically 
a fraction of the flow being pumped through the ejector 
and the mixed flow exiting the ejector. The high pressure 
of the flow stream in the inlet line 62 from the heat ex- w 
changer creates sufficient momentum in a relatively- low 
volume stream to draw a majority of the cooling fluid in 
the return line and to drive the mixed stream of cooling 
fluid from the ejector through the rest of the system 78. 
[0045] Because a relatively-small flow of cooling fluid 20 
is needed at the first nozzle inlet 92, the cooling fluid 
flow through the re-circulation pump and heat exchang- 
er is only a fraction of the flow circulation of cooling fluid 
through the HTS rotor. As a result, the heat exchanger 
size is reduced considerably and its efficiency is not as 25 
critical to the efficiency of the overall cryo refrigerator. 
Similarly, the re-circulation compressor 52 may be small 
and require less power than would a compressor in a 
system 50 without an ejector. Thus, one benefit of using 
the ejector in the cryorefrigerator system is the signifi- so 
cant reduction in the size and cost of the heat exchanger 
and compressor, and higher system efficiency due to the 
reduction in the heat exchanger losses and in compres- 
sor power requirements. 

[0046] For the sake of good order, various aspects of 35 
the invention are set out in the following clauses: 

1 . A cooling fluid system (50, 78) for providing cry- 
ogenic cooling fluid to an apparatus comprising: 

40 

a re-circulation compressor (52); 

a storage tank (60) having a second cryogenic 

fluid (76); 

an inlet line (62) connecting the re-circulation 
compressor to the storage tank and to the ap- 
paratus, and forming a passage for cooling fluid 
to pass from the re-circulation compressor 
through the storage tank and to the apparatus. 

2. A cooling fluid system as in clause 1 further com- so 
prising a heat exchanger (54) and a return line (64) 
coupled to said apparatus, passing through the heat 
exchanger and connected to the re-circulation com- 
pressor, said return line is a passage for used cool- 
ing fluid to pass from the apparatus to the compres- 55 
sor, and said inlet line passes through the heat ex- 
changer before passing through the storage tank. 
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3. A cooling fluid system as in clause 2 wherein said 
cooling fluid in the inlet line flows in an opposite di- 
rection through the heat exchanger than a flow di- 
rection of the cooling fluid in the return line. 

4. A cooling fluid system as in clause 1 wherein said 
inlet line includes a heat exchanger coil (58) in the 
storage tank. 

5. A cooling fluid system as in clause 1 wherein the 
cryogenic cooling fluid is selected from a group con- 
sisting of helium gas, hydrogen gas, neon gas and 
nitrogen gas. 

6. A cooling fluid system as in clause 2 wherein the 
cryogenic cooling fluid is liquid in the inlet line, and 
is a vapor in the return line. 

7. A cooling fluid system as in clause 1 further com- 
prising a recondenser (66) coupled to the tank. 

8. A cooling fluid system as in clause 10 wherein 
the recondenser includes a cryocooler compressor 
(70). 

9. A cooling fluid system as in clause 1 wherein the 
second cryogenic cooling fluid in said storage tank 
is selected from a group consisting of hydrogen liq- 
uid, neon liquid or nitrogen liquid. 

10. A cooling fluid system as in clause 1 wherein 
said tank has a relief valve (72). 

11 . A cooling fluid system (50, 78) coupled to a high 
temperature super-conducting rotor (14) for a syn- 
chronous machine (10), said system and a source 
of cryogenic cooling fluid comprising: 

a re-circulation compressor (52); 

a cryogenic storage tank (60) storing a supply 

of cryogenic fluid (76); 

an inlet line (62) providing a fluid passage for 
cooling fluid between the re-circulation com- 
pressor and the rotor, wherein the inlet line 
passes through the storage tank, and 
a return line (64) providing a fluid passage for 
the cooling fluid between the rotor and re-circu- 
lation compressor. 

12. A cooling fluid system as in clause 11 further 
comprising a cryorefrigerator (66) cooling the cryo- 
genic fluid in the storage tank. 

13. A cooling fluid system as in clause 12 wherein 
said inlet transfer line and return transfer line both 
extend through a heat exchanger (54). 

14. A cooling fluid system as in clause 11 wherein 
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the cryogenic cooling fluid is selected from a group 
consisting of helium gas, hydrogen gas, neon gas 
and nitrogen gas, 

15. A cooling fluid system as in clause 11 wherein 5 
the cryogenic cooling fluid is liquid in the inlet line, 
and is a vapor in the return line downstream of the 
storage tank. 

16. A cooling fluid system as in clause 11 wherein 10 
the cryogenic fluid in said cryogenic storage tank is 
selected from a group consisting of hydrogen liquid, 
neon liquid and nitrogen liquid. 

17. A cooling fluid system as in clause 11 wherein w 
said tank has a pressure relief valve (72). 

1 8. A method for cooling an apparatus using a cool- 
ing fluid system (50, 78) having a cooling fluid cir- 
cuit, a cryogenic storage tank (60), a heat exchang- 20 
er (54) and inlet and return lines (62, 64) for cooling 
fluid, said method comprising the steps of: 

a. pumping the cryogenic cooling fluid through 

the inlet line, through the heat exchanger, the 25 
storage tank and into the machine; 

b. transferring heat from the cooling fluid in the 
inlet line at the heat exchanger and into the re- 
turn line, where the inlet and return lines pass 
through the heat exchanger; so 

c. cooling the cooling fluid to cryogenic temper- 
ature in the storage tank, and 

d. returning used cooling fluid from the appara- 
tus, through the return line and back to the inlet 
line. 35 

19. A method for cooling as in clause 18 wherein 
the cooling fluid is pumped through a coil in the stor- 
age tank, and the storage tank is downstream of the 
heat exchanger in the inlet line. 40 



Claims 

1, A cooling fluid system (50, 78) for providing cryo- ^ 
genie cooling fluid to an apparatus comprising: 

a re-circulation compressor (52); 
a storage tank (60) having a second cryogenic 
fluid (76); 50 
an inlet line (62) connecting the re-circulation 
compressor to the storage tank and to the ap- 
paratus, and forming a passagefor cooling fluid 
to pass from the re-circulation compressor 
through the storage tank and to the apparatus. 55 

2. A cooling fluid system as in claim 1 further compris- 
ing a heat exchanger (54) and a return line (64) cou- 
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pled to said apparatus, passing through the heat ex- 
changer and connected to the re-circulation com- 
pressor, said return line is a passage for used cool- 
ing fluid to pass from the apparatus to the compres- 
sor, and said inlet line passes through the heat ex- 
changer before passing through the storage tank. 

3. A cooling fluid system as in claim 2 wherein said 
cooling fluid in the inlet line flows in an opposite di- 
rection through the heat exchanger than a flow di- 
rection of the cooling fluid in the return line. 

4. A cooling fluid system as in claim 1 wherein said 
inlet line includes a heat exchanger coil (58) in the 
storage tank. 

5. A cooling fluid system (50, 78) coupled to a high 
temperature super-conducting rotor (14) for a syn- 
chronous machine (10), said system and a source 
of cryogenic cooling fluid comprising: 

a re-circulation compressor (52); 

a cryogenic storage tank (60) storing a supply 

of cryogenic fluid (76); 

an inlet line (62) providing a fluid passage for 
cooling fluid between the re-circulation com- 
pressor and the rotor, wherein the inlet line 
passes through the storage tank, and 
a return line (64) providing a fluid passage for 
the cooling fluid between the rotor and re-circu- 
lation compressor. 

6. A cooling fluid system as in claim 5 further compris- 
ing a cryorefrigerator (66) cooling the cryogenic flu- 
id in the storage tank. 

7. A cooling fluid system as in claim 6 wherein said 
inlet transfer line and return transfer line both ex- 
tend through a heat exchanger (54). 

8. A cooling fluid system as in claim 5 wherein the cry- 
ogenic cooling fluid is selected from a group con- 
sisting of helium gas, hydrogen gas, neon gas and 
nitrogen gas. 

9. A method for cooling an apparatus using a cooling 
fluid system (50, 78) having a cooling fluid circuit, a 
cryogenic storage tank (60), a heat exchanger (54) 
and inlet and return lines (62, 64) for cooling fluid, 
said method comprising the steps of: 

a. pumping the cryogenic cooling fluid through 
the inlet line, through the heat exchanger, the 
storage tank and into the machine; 

b. transferring heat from the cooling fluid in the 
inlet line at the heat exchanger and into the re- 
turn line, where the inlet and return lines pass 
through the heat exchanger; 
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c. cooling the cooling fluid to cryogenic temper- 
ature in the storage tank, and 

d. returning used cooling fluid from the appara- 
tus, through the return line and back to the inlet 
line. 5 

10. A method for cooling as in claim 9 wherein the cool- 
ing fluid is pumped through a coil in the storage 
tank, and the storage tank is downstream of the 
heat exchanger in the inlet line. io 
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